BACKGROUND: Although many studies show an inverse association between operator procedural volume and short-term adverse outcomes after percutaneous coronary intervention (PCI), the association between procedural volume and longer-term outcomes is unknown.
M
ultiple studies have demonstrated an association between percutaneous coronary intervention (PCI) operator volume and short-term outcomes, including in-hospital mortality, major bleeding, acute kidney injury, and need for urgent coronary artery bypass grafting surgery, but absolute differences across operators volume cohorts are small. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Other contemporary studies have failed to show any association between operator volume and outcomes and between hospital volume and outcomes in patients undergoing PCI for ST-segment-elevation myocardial infarction (STEMI). [11] [12] [13] Moreover, nearly all studies evaluated only in-hospital outcomes. Patients undergoing PCI remain at high risk for adverse outcomes over longer-term follow-up, with a ≈20% risk of death, myocardial infarction (MI), and repeat revascularization in the first year after PCI. 14, 15 Suboptimal stent deployment (underexpansion, incomplete apposition, incomplete lesion coverage, or edge dissection) may occur with greater frequency among low-volume operators and is associated with greater risk of adverse outcomes over a long-term follow-up. [16] [17] [18] [19] [20] Low-volume operators also use drugeluting stents less often than high-volume operators and attempt fewer lesions per cardiac catheterization laboratory visit, both of which may ultimately result in higher rates of long-term adverse events caused by restenosis and progression of untreated lesions. 10 The relationship between operator volume and outcomes informs professional society recommendations, 21 but a complete understanding of the volume-outcome relationship should take into account differences in longterm outcomes.
We analyzed data from the National Cardiovascular Data Registry's (NCDR's) CathPCI registry to Centers for Medicare & Medicaid (CMS) claims data to evaluate the association between operator PCI volume and 1-year outcomes, including all-cause death, hospitalization for MI, or unplanned coronary revascularization.
METHODS
The data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Sample
The NCDR CathPCI registry, jointly administered by the American College of Cardiology (ACC) and the Society for Cardiovascular Angiography and Interventions (SCAI), has been previously described. 22 It collects data from consecutive patients undergoing PCI at >1500 hospitals in the United States (≈90% of PCI centers), recording information on patient and hospital characteristics, including patient presentation, lesion and procedural details, periprocedural and discharge medications, and in-hospital outcomes. 23 Variables collected are determined and defined by physician work groups; data collection forms and dictionaries are available at the NCDR's website. Data collected are subject to the NCDR's comprehensive data quality program, which includes data quality report specifications for capture and transmission, as well as auditing. 24 For patients ≥65 years of age with fee-for-service Medicare, CathPCI data have been linked with CMS claims data using direct patient identifiers, allowing ascertainment of longitudinal outcomes.
For this study, we included all PCI procedures in the linked data set from July 1, 2009, through December 31, 2014 . The CathPCI data collection form first collected the National Provider Identification (NPI) number, which allows unique identification of the operator for each PCI, in July 1, 2009 , and CMS-linked data were available through December 31, 2014 . Starting with patients ≥65 years of age undergoing PCI during the study period (n=1 297 833), we excluded patients unable to be linked to CMS claims data (n=20 248), those ineligible for fee-for-service Medicare (n=546 636), and any procedure missing the operator's NPI number (n=7305). Characteristics of included and excluded patients are described in Table I in the online-only Data Supplement. For analyses of postdischarge events, we excluded patients who died during the index hospitalization (n=15 280).
Definitions and Outcomes
All study definitions were derived from the CathPCI data dictionary. The primary outcome for this analysis was 1-year major adverse coronary events (MACEs), defined as the composite of all-cause death, hospitalization for MI, or unplanned coronary revascularization, occurring from the time of PCI to 1-year follow-up. Hospitalization for MI was defined as readmission with a primary diagnosis code of 410.x1. Unplanned coronary
Clinical Perspective
What Is New?
• Although high-and intermediate-volume percutaneous coronary intervention operators have a lower incidence of in-hospital death than low-volume operators after adjustment for patient characteristics, there is no association between operator volume and 1-year postdischarge outcomes.
• The associations between operator volumes and outcomes are consistent regardless of indication for percutaneous coronary intervention and in patients with complex lesion subtypes; however, there is no association between operator volume and in-hospital mortality among operators with 0 to 1 year of experience.
What Are the Clinical Implications?
• Because the association between operator volumes and in-hospital mortality is small and operator volume is not associated with long-term outcomes among patients surviving the index hospitalization, clinical practice guidelines should consider volume standards in the context of overall care quality and should consider de-emphasizing operator volume as a quality measure. 29 We also report appropriateness of PCI by operator volume stratum, which was based on the 2012 Appropriate use criteria for coronary revascularization and determined with a validated algorithm. [30] [31] [32] We performed landmark analyses of in-hospital deaths, death and major bleeding from the time of PCI to 30-day follow-up, and MACEs from the time of hospital discharge to 1-year follow-up.
The total number of PCI procedures performed or attempted for each operator was counted using each operator's unique NPI number, and each operator's average annual volume was calculated by dividing the operator's total number of PCI procedures by the number of days that the operator was active during the study period (date of last PCI procedure minus date of first PCI procedure) to derive PCIs per day, and multiplying by 365. Operator volume was counted in the CathPCI database before CMS linkage or the exclusion of any patients aside from those who underwent procedures missing the operator's NPI number (<1% of procedures in CathPCI), 10 so each operator's total number of PCI procedures included those performed in all patients, those <65 and those ≥65 years of age. Because the NPI number is a unique identifier that carries across hospitals, operator volumes could be counted without regard to where procedures were performed, as long as procedures were performed in hospitals that participate in the CathPCI registry.
Because the American Heart Association (AHA)/ACC/SCAI clinical competence statement recommends that operators perform an average of ≥50 PCIs per year to maintain competence, operators performing <50 PCIs per year were defined as low-volume operators. 21 Operators performing 50 to 100 and >100 PCIs per year were defined as intermediate-and high-volume operators, respectively.
To estimate lifetime experience, we counted the number of years each operator performed at least 1 PCI between 2009 and 2013 and divided operators into groups by years of experience: 0 to 1, 2 to 4, >4 years. 34 subdistribution hazards were used to account for the competing risk of mortality. To quantify the effect of operator volume on MACEs and all-cause mortality from time of PCI to 1 year after PCI, we estimated a Cox proportional hazards model with a robust sandwich covariance matrix to account for clustering within operators. Risk-adjusted hazard ratios (HRs) comparing high-and intermediate-volume operators with low-volume operators were derived. As a result of violation of the proportional hazard assumption for operator volume, separate HRs were estimated for in-hospital and postdischarge periods. We repeated this process for the outcomes of readmission for MI and unplanned revascularization at 1 year. Covariates for adjustment were the same as for 30-day outcomes. For all outcomes, we report unadjusted and adjusted HRs with 95% CIs for high-and intermediate-volume operators, with low-volume operators as the reference. We repeated these analyses treating operator volume as a continuous variable, and we report unadjusted and risk-adjusted HRs with associated 95% CIs for a 50-unit increase in annual PCI volume.
Statistical Analysis
Regression models were created for the overall data set and separately for the STEMI subgroup, UA/NSTEMI subgroup, stable angina subgroup, and subgroups of patients undergoing left main PCI, PCI of bifurcation lesions, and PCI of chronic total occlusions (CTOs). To estimate the interaction between operator volume and estimated lifetime experience, we determined the association between operator volume and outcomes separately among patients who underwent PCI in 2014 by operators with 0 to 1, 2 to 4, and >4 years of experience between 2009 and 2013.
For all analyses, an HR or OR <1 indicates that higher PCI operator volume is associated with lower odds of the outcome compared with lower operator volume, and an HR or OR >1 indicates that higher PCI operator volume is associated with higher odds of the outcome compared with lower operator volume.
All statistical analyses were performed by the Duke Clinical Research Institute using SAS version 9.3. The Duke There were also significant differences in patient characteristics for PCIs performed by low-, intermediate-, and high-volume operators. Low-volume operators more frequently performed PCI on patients admitted through the emergency department than intermediate-or high-volume operators and more frequently performed PCI for STEMI (15 Table 3 ). When patients were stratified by type of presentation, patients undergoing PCI for STEMI by highand intermediate-volume operators had a significantly lower incidence of death than those undergoing PCI by low-volume operators, but operator volume category was not associated with mortality for patients presenting with UA/NSTEMI or stable angina. When patients were stratified by lesion type, patients undergoing PCI for bifurcation, left main, and CTO lesions had lower in-hospital mortality when procedures were performed by high-volume operators compared with low-volume operators; only patients undergoing PCI for CTO lesions had lower mortality when procedures 
Association Between Operator Volumes and 1-Year Outcomes
Overall, 109 735 patients (15.2%) had a MACE over the course of the 1-year follow-up. The unadjusted 1-year cumulative incidence of MACEs was 15.9% for low-volume operators, 16.2% for intermediatevolume operators, and 16.5% for high-volume operators (P=0.004 by log-rank test; Figure 2 and Table III in the online-only Data Supplement). When patients were stratified by presentation subgroup, those undergoing PCI for UA/NSTEMI and stable angina had cumulative incidences of MACEs that were significantly different by operator volume stratum. When stratified by lesion subtype, patients undergoing PCI for CTO and bifurcation lesions had cumulative incidences of MACEs that were significantly different by operator volume stratum.
The proportional hazards assumption was not satisfied for the outcome of MACEs or mortality from the time of PCI to 1-year follow-up, so Cox modeling could not be performed. The proportional hazards assumption was satisfied for the time from hospital discharge to 1-year follow-up for both outcomes.
On unadjusted analyses, both high-and intermediate-volume operators had a higher incidence of MACEs from hospital discharge to 1-year follow-up, but these differences were attenuated and nonsignificant after adjustment for baseline risk factors (adjusted HR, 0.99; 95% CI, 0.96-1.01 for intermediate versus low; adjusted HR, 1.01; 95% CI, 0.99-1.04 for high versus low; Table 4 ). There were no significant differences in 1-year postdischarge MACEs in any presentation or lesion subgroup on unadjusted analyses; patients undergoing PCI for stable angina by intermediate-volume operators had a nominally significant lower risk of MACEs than low-volume operators on risk-adjusted analysis.
The unadjusted cumulative incidence of 1-year mortality was 9.5% for low-volume operators, 9.9% for intermediate-volume operators, and 9.8% for high-volume operators (P=0.03 by log-rank test; Figure 3 and Table III 
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those presenting with UA/NSTEMI had a cumulative incidence of 1-year mortality that was significantly different by operator volume stratum. When stratified by lesion subtype, patients undergoing PCI for CTO had a cumulative incidence of mortality that was significantly different by operator volume stratum. On unadjusted analyses, both high-and intermediate-volume operators had a higher incidence of mortality from hospital discharge to 1-year follow-up than low-volume operators, but there was no difference in mortality in risk-adjusted analyses (adjusted HR, 1.01; 95% CI, 0.97-1.05 for intermediate versus low; adjusted HR, 1.04; 95% CI, 1.00-1.08 for high versus low; Table 4 ). There were no differences in mortality by operator volume stratum among any presentation or lesion subgroup on risk-adjusted analyses.
The unadjusted rate of readmission for MI and unplanned repeat revascularization was higher for highvolume operators than for low-volume operators. After risk adjustment, these differences were attenuated and nonsignificant, and rates of readmission for recurrent MI and unplanned revascularization did not differ significantly by operator cohort in the overall population (Table IV in the online-only Data Supplement). Risk-adjusted rates of readmission for recurrent MI and unplanned revascularization were not different by operator cohort in any presentation or lesion subgroup except for patients undergoing left main PCI; in that group, patients undergoing PCI by intermediate-volume operators had a nominally significantly lower risk of unplanned revascularization than low-volume operators.
Operator volume, when analyzed as a continuous variable, was linearly associated with mortality from the time of PCI to 1-year follow-up, up to a threshold of 200 PCIs annually: For every 50-PCI increase in operator volume up to 200, there was a corresponding 1% decrease in the risk-adjusted hazard of 1-year death (HR, 0.99; 95% CI, 0.98-1.00; P=0.02; Table V in the online-only Data Supplement). This finding was driven by an inverse association between operator volume and in-hospital mortality (OR, 0.95; 95% CI, 0.94-0.97); there was no association between operator volume and risk-adjusted postdischarge mortality (HR, 1.00; 95% CI, 0.99-1.01). No significant association was For PCIs performed in 2014, the association between operator volume and in-hospital mortality among all operators was similar to that during the entire study period; high-and intermediate-volume operators had lower unadjusted and risk-adjusted in-hospital mortality than low-volume operators. For operators with 0 to 1 year of experience, there was no significant association between operator volume and in-hospital mortality, and the point estimate for the effect approached 1.0 (Table 5 ). In contrast, for operators with 2 to 4 and >4 years of experience, high-volume operators had significantly lower unadjusted and risk-adjusted inhospital mortality than low-volume operators. Similar to the overall cohort, there was no association between operator volume and 1-year postdischarge mortality or MACEs in any operator experience subset.
DISCUSSION
In this nationally representative study, we found that operators performing <50 PCIs annually, the ACC/AHA/ SCAI-recommended minimum number of procedures to maintain competency, had a higher risk-adjusted rate of in-hospital mortality but did not have a higher risk-adjusted hazard of death or MACEs over a 1-year postdischarge follow-up than higher-volume operators. On unadjusted analyses, high-volume operators had a higher incidence of long-term MACEs and mortality than low-volume operators, but high-volume operators performed more complex PCIs on patients at higher risk of long-term cardiovascular events. When operator volume was analyzed continuously, higher operator volume was associated with lower risk-adjusted mortality over 1-year follow-up, but this finding was driven entirely by in-hospital death, and there was no association between operator volume and postdischarge mortality or MACEs. Overall, given that 44% of operators nationwide perform <50 PCIs annually, 10 these findings are reassuring that the small inverse association between operator volume and short-term outcomes is not compounded by a similar association between operator volume and long-term outcomes given current case selection patterns.
More than 2 dozen studies have now considered the association between PCI operator volume and outcomes. [10] [11] [12] 35 The largest contemporary study, an analysis of the nationally representative CathPCI database, found a modest but significant inverse relationship between operator volume and in-hospital mortality, broadly consistent with the totality of evidence from the stent era. 10 However, only 2 studies have described the associ- 
ORIGINAL RESEARCH ARTICLE
ation between operator volume and >30-day outcomes.
Mueller et al 36 found no association between operator experience and the 24-month incidence of death, MI, or clinically driven revascularization in a 300-patient, 6-operator, single-center study. A substudy of the ESPIRIT trial (Enhanced Suppression of the Platelet Glycoprotein IIb/IIIa Receptor With Integrilin Therapy) involving 1338 patients divided operators into those performing <100 PCIs (n=91) and those performing ≥100 PCIs (n=1136) annually and found that there was no association between operator volume cohort and 1-year death, MI, or target vessel revascularization. 37 Although our study includes only patients ≥65 years of age, it represents the largest, most contemporary, and most nationally representative examination of the association between operator volume and long-term outcomes. 
We found that the association between operator volume and outcomes, including MACEs and mortality, is not static from the time of PCI to 1-year followup. In unadjusted and risk-adjusted analyses, high-and intermediate-volume operators have a lower incidence of in-hospital mortality than low-volume operators, defined as per the ACC/AHA/SCAI's clinical competency document, which is consistent across presentation and lesion type subgroups. However, from the time of hospital discharge to 1-year follow-up, low-volume operators had a lower unadjusted rate of MACEs, mortality, and unplanned revascularization than intermediate-or high-volume operators. However, case mix differed for low-, intermediate-, and high-volume operators, with low-volume operators more frequently performing PCI for STEMI and less frequently performing PCI on patients with established cardiovascular disease and cardiovascular risk factors. Although differences in case mix were modest, after adjustment for baseline patient and lesion characteristics, differences in MACE and mortality between operator cohorts were attenuated and nonsignificant from the time of hospital discharge to 1-year follow-up. When we analyzed operator volume as a continuous variable, an approach that affords maximal power to detect a significant association between operator volume and outcomes, we found a small inverse association between operator volume and 1-year mortality after PCI. This association is driven by in-hospital events in that there was no significant association between operator volume and 1-year postdischarge MACEs or mortality, although there was a direct association between operator volume, analyzed continuously, and risk-adjusted unplanned revascularization. However, this association may be related to practice patterns of high-volume operators: Higher-volume operators more often perform PCIs in patients with clinical and angiographic risk factors for restenosis (multivessel PCI, CTO, diabetes mellitus) 38, 39 and may be more likely than lower-volume operators to perform PCI for worsening angina.
Our findings may seem at odds with volume-outcome analyses in other specialties. For example, in patients undergoing surgical procedures for colon cancer, breast cancer, and head and neck cancer, higher sur- geon volume is associated with a reduced incidence of long-term mortality. 40 Although there are various explanations for the operator volume-outcome relationship, the most commonly acknowledged one is the "practice makes perfect" hypothesis, which holds that higher volumes lead to better operative decision making and technique. 41 This holds true for in-hospital outcomes, with a modest but statistically significant relationship between greater operator PCI volume and lower risk of mortality. 10 When examining longer-term outcomes, we hypothesized that the same relationship would hold on the basis of an assumption that lower-volume operators would be technically less proficient than higher-volume operators. High-volume operators use techniques that are associated with reduced adverse outcomes after PCI such as radial access and drug-eluting stents. 10 It is possible that they may also use techniques to reduce suboptimal stent deployment, which is associated with ORIGINAL RESEARCH ARTICLE higher rates of stent thrombosis and restenosis, ultimately leading to unplanned revascularization, recurrent MI, or death. [16] [17] [18] [19] [20] The CathPCI data set does not allow for granularity in terms of stent implantation technique; however, the difference in short-term inhospital outcomes and lack of difference in long-term outcomes between high-, intermediate-, and low-volume operators indicate that if operator volume is associated with technical proficiency, the effect is manifest before hospital discharge. Long-term outcomes after PCI may more likely be a consequence of underlying disease than anything that happened during the procedure itself.
Our results have implications for professional society guidelines. Although operators performing fewer than the ACC/AHA/SCAI's minimum recommendation of 50 PCIs annually have a higher rate of in-hospital mortality after PCI, the relationship between operator volume and short-term mortality is modest and of uncertain clinical significance, especially considering that these low-volume operators may play a role in maintaining critical access to primary PCI for STEMI. 10 Intriguingly, this association does not appear to hold for operators in their first years of independent practice, suggesting that high-intensity fellowship training may have residual benefits as an operator transitions to independent practice or that hospitals may exercise greater oversight over these new operators. When composing operator volume recommendations, professional society guideline committees need to balance maximizing patient safety with maintaining access to critical emergency procedures, and an approach that focuses on identifying and disseminating best practices among all operators, regardless of volume, may be preferable to strict volume recommendations. 10, 42 Because operator volume is not associated with long-term outcomes among patients surviving the index hospitalization, the guidelines should consider volume standards in the context of overall care quality, including process performance measures relevant to the post-PCI population such as prescription of secondary prevention strategies aimed at improving in-hospital and long-term outcomes.
Limitations
This study is a retrospective analysis and is subject to unmeasured confounding. Although our risk-adjusted analyses account for measured severity of patient presentation, it is possible, for example, that highervolume operators are more likely to attempt PCI in patients with unmeasured variables indicating poor longterm prognosis, which would mask true differences in long-term outcomes. With regard to short-term outcomes, it is possible that operators with poorer outcomes or less skill receive fewer referrals and have low volumes for that reason. PCIs analyzed in this report were performed between 2009 and 2014, and practice patterns may have changed in the intervening years; however, PCI has generally grown safer over the years, attenuating the operator-volume association. 1, 10 Because we did not find an association between operator volume and long-term outcomes during our study period, it is not expected that one would exist at present. Furthermore, this analysis includes only patients ≥65 years of age, but older adults make up a growing percentage of patients undergoing PCI, 43, 44 and there is no reason to suspect that the relationship between operator volume and outcomes should be affected by patient age. Our analysis excludes a number of lowvolume operators who performed PCI on younger patients but did not perform a single PCI on a patient in the linked database, so our descriptive analysis of the proportion of high-, intermediate-, and low-volume operators underestimates the proportion of low-volume operators. An analysis of PCIs performed on all patients in CathPCI, not just those >65 years of age, found that 44% of operators performed <50 PCIs annually, compared with 39% in this analysis. 10 Moreover, because we were unable to capture unplanned index vessel or index lesion revascularization, we examined all unplanned revascularizations; differences in operator technique would not affect the hazard of future unplanned revascularization in nonindex vessels, and including nonindex vessel revascularization may add statistical noise that obscures true operatorrelated differences in rates of index vessel or index lesion revascularization. In addition, CathPCI does not include variables that could be used to approximate overall experience such as number of years in practice, total lifetime volume, or board certification. We were able to estimate number of years in practice, but this estimation is imprecise, and operators who previously performed PCIs in non-CathPCI hospitals may have been counted among the operators with 0 to 1 year of experience. Although the CathPCI registry captures PCI procedures performed in >90% of US cardiac catheterization laboratories, it does not capture procedures performed in Veterans Administration or Department of Defense hospitals, and operators performing PCIs in these hospitals and hospitals that participate in the CathPCI registry will have their procedure volumes undercounted. Despite the above limitations, CathPCI is a nationally representative, quality-controlled database, and our analysis of >700 000 PCIs performed by nearly 9000 operators represents the most comprehensive examination of the association between operator volume and long-term outcomes to date.
Conclusions
Low annual operator PCI volume, defined as <50 PCIs annually, is associated with worse in-hospital outcomes compared with higher operator volume but is not associated with higher rates of 1-year MACEs or mortality among patients >65 years of age.
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